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ABSTRACT 


CONCENTRATION  GRADIENT  DETECTION  RY 
N  E  A  R  - 1 N  F  R  A  RED  DIODE  LASER  INTERFEROMETRY. 

Darrell  0.  Hancock,  Cart,  USAF  .  1983,  53  pas.,  MS, 
University  of  Wash innton . 


Concentration  Gradient  detection  is  performed  with  a  diode 
laser  system  which  probes  the  associated  refractive  index 
Gradient  (RIO).  The  detector  has  excellent  potential  for  both 
Hioh  Perforrriance  Liquid  Chronatoqraohy  (HDLC)  and  Flow 
Injection  Analysis  (FIA).  The  RIO  detector  measured  230 
oicoprams  (3  x  rms)  of  injected  polystyrene  followino  size- 
exclusion  chromatography  (SEC).  A  version  incorooratino  a 
oosition  sensitive  detector  in  lieu  of  interf erornatic  measurement 
allows  laser  beam  deflection  anqles  of  less  than  2.4  microradians 
to  be  measured.  The  system  performance  as  a  universal  detector 
for  HPLC  is  contrasted  with  UV-Vis  detection.  The  device  is 
clearly  suoerior  to  UV-Vis  detection  of  species  that  are  not 
highly  absorbino .  RIG  sensitivity  to  solute  peak  broadeninp 
also  promises  rapid  polymer  charac ter izat ion  potential  with  a 
F I A  sch  erne  . 


Key  Sources:  Hancock,  D.O.;  Synovec,  R.E.  Anal.  Chem.  19SG, 
( submitted ) . 
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Introduction 


Since  the  advent  of  lasers  in  the  early  1960'^, 
considerable  research  has  been  conducted  toward  their  use  in 
a  vast  variety  of  analytical  instrumentation.  The 
extraordinary  properties  of  laser  light  (compared  to  other 
light  sources)  -  namely  high  power,  ease  in  focusing,  high 
coherence,  monochromaticity  and  high  degree  of  polarization 
purity  (1)  have  all  been  capitalized  upon  in  instrumental 
design.  Analytical  chemistry  instrumentation  often  features 
the  laser  as  a  probe  beam.  That  is,  a  cell  containing 
chemical  species  is  probed  by  the  laser  beam  and, 
information  about  changes  occurring  in  the  chemical  system 
within  the  cell  are  encoded  in  the  beam  from  which  pertinent 
chemical  and  physical  information  is  extracted  after  beam 
detection.  The  trend  has  generally  been  toward  higher  power 
lasers  and  better  monochromaticity,  which  is  in  accord  with 
the  analytical  chemist's  quest  for  Increased  sensitivity  and 
better  selectivity. 

Semiconductor  diode  lasers  have  unique  advantages  as 
probe  beams  compared  to  their  high  energy  counterparts, 
advantages  which  are  onl>  recently  being  exploited  in 
analytical  chemistry  Instrumentation.  Diode  lasers  are  the 
least  expensive  and  smallest  lasers  available  (1)  and  are 
much  more  rugged  and  efficient  than  the  larger  lasers. 
These  reasons  alone  make  the  diode  laser  appealing  for  use 
in  instrumentation,  but  the  large  angular  spread  of  the 
characteristic  diode  laser  fan  beam  presents  a  drawback  for 


some  applications,  and  current  wavelength  limitations  to  a 
few  near-infrared  bands  have  especially  deterred 
spectroscopists .  Only  recently  have  diode  lasers  which 
operate  in  the  visible  spectrum  been  reported  (2).  However, 
few  chemical  species  absorb  strongly  at  typical  diode  laser 
frequencies  (750  nm  -  1550  nm),  which  is  a  distinct 

advantage  for  some  optical  techniques  based  upon  refractive 
index  changes.  The  diode  laser  also  is  extremely  stable 
with  essentially  no  mode-hopping  and  coherence  lengths  of  up 
to  40  meters.  Such  stability  and  coherence  make  the  diode 
laser  extremely  attractive  in  many  applications .  No 

elaborate  power  supply  is  required  and  often  thermostatting 
i3  generally  not  required,  although  thermoelectric  cooling 
does  enhance  the  diode  laser  efficiency  and  power  stability 
(1)  . 

In  this  work,  the  unique  characteristics  of  the  diode 
laser  have  been  exploited  to  construct  a  novel  system  which 
provides  for  detection  of  concentration  gradients  by 
responding  to  associated  refractive  index  gradients.  The 
detector  is  demonstrated  as  an  HPLC  detector  and  as  a 
detector  for  simple  flowing  systems. 

Recently,  HPLC  detector  development  has  had  vigorous 
activity  (3-6),  with  detectors  designed  with  a  variety  of 
important  characteristics,  i.e.,  sensitivity,  selectivity  or 
universality,  robustness,  and  overall  solute  identification 
or  characterization  capability.  Often,  selectivity  and 
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sensitivity  in  HPLC  detection  are  positively  correlated, 
such  as  with  absorbance  or  fluorescence  detection,  which 
leads  to  favorable  detection  limits  and  better  detector 
applicability  to  samples  of  interest.  Within  this  context, 
universal  detection  is  quite  popular  since  analyte 
der ivatizat ion  is  not  required,  while  more  sensitive 
methods,  such  as  fluorescence,  often  require  analyte 
der ivatizat ion .  Unfortunately  universal  detectors,  such  as 
a  refractive  index  (RI)  detector,  generally  have  limited 
applicability  when  dilute  samples  are  encountered,  due  to 
limited  sensitivity. 

Ideally,  a  highly  sensitive  universal  detector  should 
be  developed  that  does  not  require  sample  der ivatizat ion  to 
enhance  sensitivity.  With  universal  detection,  it  i3  often 
difficult  to  utilize  gradient  elution,  since  the  solvent 
contributes  strongly  to  the  baseline  signal.  The  ideal 
universal  detector  would  be  highly  resilient  to  solvent 
gradients.  Thus,  as  Stolyhwo,  Colin  and  Guichon  pointed  out 
(7),  analogous  to  the  flame  ionization  detector  (FID)  in  gas 
chromatography,  a  sensitive  universal  detector  for  HPLC  is 
not  available.  They  developed  a  light  scattering  (LS) 
detector  for  HPLC  based  upon  an  evaporative  nebulization 
process  (7,8).  The  evaporative  LS  has  many  favorable 
properties,  yet  unfortunately  requires  evaporation  of  the 
eluting  solvent-solute  mixture  with  preferential  evaporation 
of  the  solvent.  Further,  the  LS  detector  has  moderate 


sensitivity  compared  to  RI  or  absorbance  detection  (7). 
These  factors  may  limit  the  overall  universality  of  this  LS 


detector,  although  excellent  separations  based  upon 
gradients  are  feasible  (8).  A  second  approach  to  obtain 
"universal"  detection  in  HPLC  involves  absorbance  detection 
in  the  UV  range  of  185-210  nm  (9-11).  Selected  solvents 
were  investigated  to  assess  their  transparency  in  this  UV 
range.  The  list  of  solvents  available  as  eluents  for 
"universal"  absorbance  detection  at  185-210  nm  was  quite 
useful,  yet  may  be  limiting  in  many  instances.  A  third 
approach  to  universal  detection  involves  indirect  solute 
detection  (12-14).  A  property  of  the  solvent  is  exclusively 
monitored  by  the  detector  thus  producing  a  "high"  background 
signal.  Displacement  of  the  solvent  (eluent)  by  a  solute 
results  in  a  net  reduction  in  the  solvent  concentration  as 
the  solute/solvent  mixture  passes  through  the  detector. 
This  produces  a  negative  detector  response,  l.e.,  an 
indirect  solute  signal.  While  indirect  detection  provides 
easy  solute  quantitation,  solute  characterization  would 
require  a  second  form  of  detection,  i.e.,  another  detector 
sensitive  to  some  physical  property  of  the  solute(s)  of 
Interest . 

One  realizes  that  RI  dection  remains  the  workhorse  of 
everyday  universal  HPLC  detectors.  RI  is  a  well  understood 
chemical  property,  that  has  led  to  new  approaches  to 
chemical  analysis,  l.e.,  complex  sample  character ization 


without  analyte  standards  (15-18).  RI  detectors  have  been 
developed  based  upon  four  basic  designs:  refraction, 

reflection,  interference,  and  the  Christiansen  effect  (4). 
State-of-the-art,  in  terms  of  RI  detectability  and  detector 
robustness,  varies  for  these  designs.  For  capillary  and 
microbore  HPLC,  Bornhop  and  Dovichi  suggested  an  interesting 
refraction-type  RI  detector  based  upon  a  capillary  flow  cell 
(19).  They  applied  the  novel  device  in  the  reversed  phase 
microbore  separation  and  RI  detection  of  nanogram  quantities 
of  sugars  (20).  Further,  they  combined  the  capillary  flow 
cell  based  RI  detector  with  simultaneous  absorbance 

detection  (21).  When  optimized,  this  capillary  flow  cell 
based  RI  detector  appears  to  be  limited  to  about  3  x  10-''  RI 
units  (3  x  rms)  as  the  limit-of-detection  (LOD)  when 
optimized  (22).  This  detector  is  highly  robust  and  simple 
to  produce  and  maintain.  The  second  type  of  RI  detector, 
reflection-based,  was  optimized  by  Wilson  and  Yeung  (23). 
They  achieved  a  RI  signal  based  upon  the  change  in 
transmitted  light  at  a  liquid-glass  interface,  in  accordance 
with  Snell's  and  Fresnel's  laws.  Their  device  allowed  for 
simultaneous  RI,  absorbance,  and  fluorescence  detection  with 
a  1  cm  pathlength  through  the  cell,  in  only  about  1  uL 
volume.  RI  detectability  was  comparable  to  the  capillary 
based  RI  detector  (refraction-based),  at  about  1  x  10-'7  RI 
units.  The  Interference-type  RI  detector  (24)  yields  an 
excellent  LOD  at  4  x  10*®  RI  units,  yet,  a  relatively  long 


pathlength,  in  the  context  of  microbore  or  capillary  HPLC, 
was  required.  The  Christiansen  effect  RI  detector  has  had 


few  developments  recently  (4).  Gradient  applications  with 
RI  detection  have  been  limited,  since  most  consider  this 
Impractical  if  not  impossible,  yet  gradients  may  be  applied 
with  RI  detection  by  employing  a  volume  delay  loop  for  dual¬ 
cell  RI  detectors  (25).  Ideally,  one  would  desire  to 
utilize  gradients  in  RI  detection  without  requiring  a  volume 
delay  loop  which  contributes  to  solute  peak  broadening. 

Recently,  Pawliszyn  proposed  an  interesting  approach  to 
RI  detection,  based  upon  probing  the  RI  gradient  (26).  The 
nature  of  the  detected  signal  was  attributed  to  a  Schlleren 
effect.  The  sheath  flow  technique  was  applied  to  enhance 
detector  sensitivity.  In  subsequent  studies  of  the  detector 
properties  (27),  it  was  determined  that  the  sensitivity  was 
pathlength  dependent,  thus  scaling  down  the  device  may 
sacrifice  sensitivity.  A  predicted  detection  limit  of  3  x 
10_a  RI  units  LOD  was  reported  (27).  A  very  interesting 
consequence  of  measuring  the  refractive  index  gradient  (RIG) 
was  realized,  i.e.,  for  linear  eluent  gradients,  the  RIG 
detector  yields  a  rather  small,  constant,  baseline  offset 
(27).  Thus,  the  RIG  detector  readily  allows  for  use  of 
eluent  gradients,  while  providing  excellent  solute 
detectabilities.  In  this  initial  work  on  RIG  detection 
(26,27)  the  nature  of  the  detected  signal  was  not  fully 
described,  and  approaches  for  Improving  the  device  were  not 


addressed . 


Since  Interferometry  is  the  most  sensitive  RI 


detection  method  available  (24),  one  may  expect  to  improve 
RIG  detection  similarly  by  an  interferometric  design. 

This  research  Involved  constructing  and  studying  a 
sensitive  RIG  interferometric  sensor.  The  device  employs 
common  path  interferometry  to  provide  a  sensitive  measure  of 
probe  beam  deflection  (28-30).  Thus,  a  simple 

Interferometric  sensor  has  been  developed  that  measures  RIG 
effects.  The  complete  system  is  shown  in  Figure  1.  The 
diode  laser,  flow  cell,  flow  cell  windows  and  photodiode  are 
the  components  that  comprise  the  interferometric  sensor. 
Measurement  of  femtomole  quantities  of  injected  polymers, 
separated  by  microbore  size-exclusion  HPLC,  with  RIG 
detection  was  demonstrated,  corresponding  to  4  x  10~B  units 
(3  x  rms)  detectability.  This  was  accomplished  at  a  non- 
absorbing  wavelength  for  the  eluent  and  the  polymers  (780 
nm).  The  novel  device  was  relatively  simple  to  construct 
and  employ,  although  the  shape  of  the  observed  solute 
response  is  atypical  of  conventional  HPLC  detectors,  since 
the  solute  concentration  gradient  is  monitored,  instead  of 
the  solute  concentration.  The  new  detector  has  many 
attributes  that  may  lead  one  to  believe  that  the  ideal 
universal  detector  for  HPLC  is  forthcoming.  The  detection 
principle  of  gradient  detection  is  outlined,  prior  to 
discussing  salient  experimental  parameters,  system 
optimization,  and  subsequent  detector  performance. 
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Theory 


When  light  is  incident  upon  a  RIG,  the  wavefront  is 
refracted  towards  the  region  of  higher  RI  (31).  The  exact 
nature,  or  shape,  of  the  RIG  is  highly  dependent  upon 
hydrodynamic  conditions  (32),  and  necessarily  requires  an 
ordered  flow  pattern  (33).  The  extent  of  the  interaction 
between  the  flowing  RIG  and  the  incident  light  beam  is 
highly  angular  dependent.  For  a  z-conf iguration  cell,  as 
shown  in  Figure  2,  near  grazing  angle  incidence  produces 
both  reflection  and  transmission  components  of  much 
complexity.  From  our  studies,  it  was  clear  that  working  far 
enough  away  from  grazing  incidence  may  be  accomplished  by 
carefully  tilting  the  z-conf Iguration  cell,  while  focusing 
an  incident  diode  laser  beam  towards  the  bottom  of  the  flow 
cell.  Careful  tilting  of  the  flow  cell,  which  acts  as  an 
etalon,  is  Important  for  the  Interferometer  function.  The 
resultant  experimental  condition,  shown  in  Figure  3,  lends 
itself  to  explain  the  RIG  signal  measured  "experimentally”, 
which  depends  upon  probe  beam  deflection,  followed  by  the 
subsequent  effect  on  the  photodiode  output  as  an  active 
component  in  the  single-mode  diode  laser  interferometer. 

To  relate  the  observed  deflection  due  to  the  RIG, 
dn/dx,  to  the  subsequent  transmitted  beam  Intensity,  one 


the  direction  of  r,  indicates  the  displacement  of  the  probe 
beam  from  its  original  direction,  while  n®  is  the  uniform 


solvent  RI,  and  S  is  a  ray  path  relative  to  dn/dx. 
Furthermore,  rQ  and  S  are  perpendicular  to  each  other. 
Clearly,  the  maximum  probe  beam  deflection  occurs  when  dn/dx 
is  perpendicular  to  S.  This  condition  is  exemplified  in 
Figure  3,  with  <fi  =  n/2  radians,  where  <t>  is  the  angle  formed 
between  the  Incident  beam  direction  and  the  direction  of 
solvent  flow.  Note  that  in  practice,  <P  is  quite  small, 
about  0.020  rad.  Thus,  eq  1  is  more  precisely  written  as 


d  .  dr»,  _  dn 

cHT  n“  d?  >  ~  sin  0  dx 


(2) 


One  wishes  to  measure  the  deflection  angle,  e«a  (t),  for  a 
given  point  of  the  RIG,  dn/dx.  Integrating  both  sides 
of  eq  2  with  respect  to  the  ray  path  S  yields 


-  3ln  *  as  Lis 


(3) 


noting  that  the  product  sin  <P  dn/dx  is  essentially  constant 
in  the  Integration  since  the  gradient  moves  at  a  rate  much 
slower  than  the  speed  of  light.  The  path  integral  dS,  in 
eq  3,  is  readily  calculated  since  for  small  deflections 


(4) 


where  L  is  the  length  of  the  RIG  traversed  by  the  probe 
beam,  l.e.,  the  flow  cell  length.  Finally,  the  probe  beam 


deflection  of  interest,  0<a  (x,t)  with  respect  to  dn/dx,  is 

readily  available  since  for  small  deflections 


Combining  eqs  3-5  and  solving  for  0<s  (x/t)  yields 


0a  (x,t) 


^  sin  <f> 

no 


dn 

3x 


(6) 


which  is  consistent  with  previous  work  (26,27,35),  except 
the  angular  dependence  on  <t>  has  been  included.  The 
deflection  angle  8,3  (x,t)  is  related  to  solute 

concentration,  C*  (volume  fraction),  by  the  chain  rule 
since 

dn  dC  dt  dn  .  n . 

3x  55  3T  ‘  3x‘  3T  (7) 


Again,  for  low  solute  concentrations,  typical  in  HPLC,  the 

following  approximation  is  made  (15) 

dn  =  (n03  +  2 ) 3  fn«3  -  1  _  nQ2  -  l' 
dC  6 n o  |n x 3  +  2  noa  ^  2 

(8) 

where  nQ  13  the  RI  of  a  pure  solute.  Clearly,  eg  8  is  an 
indication  of  solute  sensitivity  in  a  given  solvent. 
Substituting  eg  7  into  eg  6  yields 


0a  (x,t) 


sin  <P 
n  o 


dC  .  dt  dn 
3F  3x  37 


(9) 


It  is  the  change  in  0a  (x,t)  with  time  as  a  function  of 
dC/dt,  i.e.,  the  concentration  gradient,  that  ultimately 
leads  to  a  change  in  the  quantity  of  transmitted  probe  beam 
intensity  measured  by  the  photodiode.  Note  that  dt/dx  is 


equal  to  1/u,  where  u  is  the  linear  flow  velocity. 


Experimentally,  0<a  (x,t)  may  be  measured  by  use  of  a 

position  sensitive  detector  (PSD).  The  observed  signal,  a, 
at  time  t  is  given  by 

a  =  K  -  0a  (x,t)  -  d  (10) 

where  d  is  the  distance  from  the  probed  gradient  to  the  PSD 
and  K  is  a  proportionality  constant  converting  distance  to 
voltage . 

Now,  one  needs  to  consider  the  measurement  of  0<a  (x,t), 
particularly  in  relation  to  dC/dt  in  eq  9 .  If  a  Gaussian 
peak  shape  is  assumed,  the  concentration  C  (t)  at  time,  t, 
of  the  analyte  is  given  by 


C  (t)  =  — u  exp  { 

or*(2«r 


(11) 


where  Cx,  i  is  the  injected  analyte  concentration,  cr*  is  the 
standard  deviation  of  the  analyte  concentration  profile  at 
time,  t,  due  to  all  broadening  mechanisms,  and  t*»  is  the 
retention  time  of  a  given  analyte  (in  the  context  of  HPLC 
detection).  Since  the  sensitivity  depends  upon  0<a  (x,t), 
from  eq  9,  which  depends  upon  C  (t),  the  derivative  of  eq 
11  with  respect  to  t  yields 

—  *  C  (t)  -1 

dt  [  <r*a  J  (12) 

Taking  the  derivative  of  dc/dt  with  respect  to  t  and  setting 
it  equal  to  0  allows  one  to  calculate  the  maximum  points  of 


sensitivity,  which  occur  at  t  =  t»  t  at  (26).  Thus,  the 
analytical  signal  measured  by  the  RI  gradient  detector 
becomes  the  peak-to-peak  signal,  0*  (x,t)s>-s,  (as  in  Figure 
4),  of  the  gradient  response,  at  t  =  t*  +  at  and 
t  =  t*»  -  at  for  a  Gaussian  peak. 

Substituting  eq  12  into  eq  9  yields 


0a  ( x ,  t )  =  C  (t)  (-— — )  •  -  -  — 

eft2  u  dc 


(13) 


Experimental  measurement  of  0a  (x,t)  at  t  =  t»  +  at  by  use 
of  eq  11  gives 


C  (t  =  t*  -  at)  = 


F  at  (  2it ) 


(14) 


Of  course  C(t  =  t»  +  at)  gives  the  same  result  so  that 


0a (X,t)p„p 


=  [0a(X,t)(t  =  t*»  -  at)l  +  l  0a  ( X ,  t )  ( t  =  t»  +  at)] 

(15) 


0a(X,t)P.P  =  H1 


( 2n ) 


1  dn 
u  dC 


Thus,  measuring  the  signal  with  a  position  sensitive 
detector  where  the  total  angle  of  deflection  is  translated 


into  a  distance,  <*»-»,  we  find  from  eq  10  and  16 

. p  =  K  6a(X,t)p.p  *  d 


(17) 


The  volumetric  flow  rate  is  related  to  the  cross-section 


area,  A,  by 


F  =  uA 


rJ'-Vj  V.V.Wj'. 
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where  A  equals  nr2,  with  r  equal  to  the  radius  of  the  probed 
volume.  Hence,  eq  17,  may  be  rewritten  as 

8  n  y.  r3  dn  ViCi 

otp.p  =  k  -  d  ■  c — r - *  — 

e  n®  dC  crva  (19) 

where  the  radius  of  expansion,  r,  equals  (L  sin  <fi) / 2,  and 
ap.p  is  the  experimentally  measured  peak-to-peak  gradient 
signal.  Besides  the  relatively  easy  PSD  measurement  of  the 
RIG  effect,  one  may  simultaneously  observe  an 
interferometric  signal  via  an  intensity  measurement.  By 
carefully  tuning  the  relative  positions,  both  lateral  and 
rotational,  of  the  flow  cell  and  photodiode,  one  achieves  a 
signal  from  this  interferometric  mechanism  that  linearly 
correlates  with  eq  19  for  over  two  orders  of  magnitude.  The 
extreme  stability  of  the  laser  diode  light  source  plays  an 
important  role  in  observing  this  phenomenon.  In  this 
system,  the  noise  (standard  deviation)  of  the  laser  diode 
output  was  found  to  be  4  x  10_B  relative  to  the  output 
intensity.  It  is  interesting  to  note  that  the  device  is 
pathlength  dependent.  While  eq  9  is  a  somewhat  simplified 
version  of  what  may  be  observed  in  this  complex  detection 
system,  eq  19  contains  more  of  the  detail  required  to  be 
analytically  useful.  Experimental  simplicity  and  device 
applicability  are  readily  obtainable  and  will  be  discussed 
in  the  context  of  universal  HPLC  detection. 


Figure  2.  Flow  cell  Model:  Ic.,  incident  be 
beam;  CWr  cell  window;  CB,  cell  b 
eluent  RI ,  n(t),  time-dependent  F: 
system;  outlet,  to  waste. 


Experimental 


The  primary  experimental  system  is  shown  in  Figure  1. 
Key  variations  of  this  design  are  seen  in  Figure  5  while 
minor  changes  are  described  below.  In  general,  a  780  nm 
diode  laser  (Physitec  Corp.,  DL  25,  Norfolk,  MA)  with  3  mW 
output  was  intensity  modulated  at  20  kHz  via  a  TTL  waveform 
(Wavetek,  Model  190,  San  Diego,  CA)  which  was  synchronized 
to  a  lock-in  amplifier  (Princeton  Applied  Research  Corp., 
Model  5204,  Princeton,  NJ).  A  microscope  objective,  fl6.85, 
designed  for  the  diode  laser  system,  focused  the  laser  probe 
beam  to  a  spot  size  of  ca  200  um  at  a  z-conf iguration  cell 
(made  in-house)  at  a  focal  length  of  ca  60  cm.  Probe  beam 
polarization  was  purified  before  entering  the  cell  by 
passing  the  beam  through  a  polarizer  (Karl  Lambrecht, 
MGTYS8,  Chicago,  IL)  which  was  mounted  in  and  precision 
tuned  by  a  rotational  stage  (Newport,  Model  471-A,  Fountain 
Valley,  Ca ) .  A  similar  polarizer  (functioning  as  an 
analyzer)  and  stage  were  placed  between  the  cell  and  the 
detector  as  in  Figure  5  for  much  of  the  early  work.  Two 
flow  cells  were  constructed  from  aluminum  and  c  ^figured  as 
in  Figure  2.  Each  had  a  cylindrical  bore  1.0  cm  length  by 
800  um  I.D.  yielding  a  volume  of  5.0  uL.  The  cell  windows 
were  glass  microscope  slide  cover-slips  (VWR  Scientific 
Inc.,  25  x  25  mm,  #1  1/2,  San  Francisco,  CA)  carefully  glued 
at  each  end  of  the  cell.  Entrance  and  exit  tubing  to  the 
flow  cell  was  Teflon,  1/16  inch  O.D.  x  0.007  inch  I.D. 
nominal.  After  passing  through  the  cell,  the  probe  beam  was 


imaged  onto  a  photodiode  (Hamamatsu,  S1723-05,  Hamamatsu 
City,  Japan)  with  a  1  cm  x  1  cm  active  surface.  The 
photodiode  voltage  output  was  sent  to  the  lock-in  amplifier 
to  obtain  the  in-phase  and  subsequently  demodulated 
analytical  signal,  synchronized  by  the  waveform  generator. 
The  analytical  signal  was  sent  to  either  a  personal  computer 
(IBM-XT,  Armonk,  NY)  via  an  interface  board  (Metrabyte, 
DASH-16,  Taunton,  MA),  or  a  chart  recorder  (Houston 
Instruments,  D-5000,  Austin,  TX)  or  simultaneously  to  both 
devices . 

The  flow  cell  was  mounted  on  a  high-precision 
translational  stage  (Newport,  460-XYZ,  Fountain  Valley,  CA), 
while  the  detector  was  mounted  on  a  similar  stage  for  the 
translation  studies  and  a  high-precision  rotational  stage 
(Newport,  Model  471-A,  Fountain  Valley,  CA)  otherwise.  The 
fiber  optic  variant  of  Figure  5  consisted  of  a  single-mode 
silica  fiber  positioned  via  a  tilt  stage  (Newport,  F-19TS,- 
Fountain  Valley,  Ca)  and  fiber  coupler  (Newport,  F-916T, 
Fountain  Valley,  CA).  A  5X  microscope  objective  after  the 
analyzer  focused  the  analytical  beam  into  the  fiber.  The 
fiber  was  rigidly  mounted  through  the  case  of  and  incident 
upon  a  pin  photodiode  (Hamamatsu,  S1406-05,  Hamamatsu  City, 
Japan).  The  signal  was  then  demodulated  and  recorded  as 
previously  described. 

State-of-the-art  HPLC  systems  (both  standard  and 
microbore)  were  used  to  introduce  separated  analytes  into 
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SI 


the  flow  cell  as  well  as  simple  injection  of  a  sample  plug 


into  the  flowing  eluent  stream.  The  complete  HPLC  work  is 


described  elsewhere  (36).  In  all  cases,  injection  was  made 


through  an  injection  valve  (Rheodyne,  Model  7125,  Cotati, 


CA)  into  the  eluent  stream  pumped  by  a  high  precision  and 


high  pressure  syringe  pump  (ISCO,  LC-2600,  Lincoln,  NE) . 


Studies  were  made  with  water  as  the  solvent  for  sugar 


samples  (sucrose,  fructose,  glucose,  and  galactose)  as  well 


as  polyethylene  glycol  samples  (Polymer  Laboratories, 


Amherst,  MA),  and  with  spectrograde  CHaCla  as  solvent  with 


polystyrenes  (Polymer  Laboratories)  as  samples.  Additional 


studies  were  conducted  with  toluene  and  dibutyl  phthalate 


with  50/50  v/v  acetonitrile  and  water  as  solvent.  Columns 


used  were  a  250  x  4.6  mm  I.D.  Macrosphere,  300  A  pore,  5  um. 


C8  standard  column  (Alltech,  Deerfield,  IL)  and  a  250  x  1.0 


mm  I.D.,  300  A  pore,  5  um,  C8  microbore  column  (Brownlee 


Labs,  RP300,  Santa  Clara,  CA).  The  studies  with  toluene  and 


dibutyl  phthalate  were  done  with  a  60  x  2  mm  I.D.,  300  A 


pore,  5  um,  C8  column  (Alltech,  Deerfield,  IL). 


Samples  entered  the  flow  cell  after  passing  through 


either  an  HPLC  column  or  a  small  length  of  Teflon  tubing 


(0.007  inch  I.D.)  hereafter  called  "flow  unit".  Various 


lengths  of  tubing  were  used  in  the  flow  unit  studies,  with 


85  cm  generally  used.  The  z-conf iguration  flow  cell  yielded 


ordered  flow  from  inlet  to  outlet  at  flowrates  of  20  uL/min 


to  300  uL/min.  Faster  flowrates  were  evidently  turbulent  or 


in  transition  to  turbulence,  causing  a  homogenous  til  in  the 
cell  with  resultant  loss  of  useful  analytical  signal. 

Initial  experiments  were  conducted  to  determine  the 
optimum  flowrate  for  maximum  sensitivity  and  to  find  the 
flowrate  range  where  a  useable  analytical  signal  could  be 
obtained.  Subsequent  studies  were  conducted  at  the  flowrate 
yielding  maximum  sensitivity.  For  aqueous  HPLC  ca  60  uL/min 
was  optimal  while  for  HPLC  with  CH2CI2  as  eluent  ca  40 
uL/min  proved  best.  The  flow  unit  studies  with  CH2CI2  as 
solvent  were  generally  conducted  at  107  uL/min. 

With  fixed  flow  cell  conditions,  the  distance  between 
the  cell  rear  window  and  the  photodiode  was  adjusted  along 
the  probe  beam  axis  in  100  um  Increments,  noting  the 
detector  response  for  injection  of  the  same  model  solute  at 
each  step.  Sensitivity  varied  significantly  with  detector 
position,  but  signal  response  did  not  decrease  smoothly  as 
in  an  inverse-square  fashion,  but  in  fact  varied 
periodically  as  will  be  discussed.  Further  studies  were 
then  conducted  with  the  detector  fixed  at  the  position 
yielding  maximum  response. 

The  flow  cell  was  then  rotated  near  normal  incidence 
and  detector  response  to  the  Injected  model  solute  noted  at 
each  angle.  The  angles  at  which  maximum  signal  response 
occurred  were  noted.  One  might  expect  similar  results  from 
the  corollary  experiment,  that  of  rotating  the  detector  from 
normal  incidence.  This  experiment  was  also  conducted,  but 


otherwise  the  detector  surface  was 


fixed  at  normal 


incidence.  The  flow  cell  was  also  adjusted  vertically  (z- 
axis)  and  transversely  (y-axis)  with  regard  to  the  probe 
beam  axis  (x-axis).  Translation  in  the  z-axis  significantly 
altered  the  signal  response  (as  one  would  expect  from  the 
rotation  study)  while  movement  in  the  y-axis  had  essentially 
no  effect  (until  striking  the  cell  walls  with  the  beam  at 
the  extremes).  It  was  found  that  optimum  tuning  could  be 
most  readily  obtained  by  cell  rotation  after  centering  the 
probe  beam  through  cell  midpoint.  Rapid  tuning  was  obtained 
by  using  a  short  (ca  25  ca)  section  of  Teflon  tubing  (0.007 
inch  I.D.)  in  place  of  the  HPLC  columns. 

Studies  were  also  conducted  to  see  if  polarization 
effects  were  significant.  Polarization  crystals  were  used 
in  several  configurations:  1-  ca.  one  cm  before  and  after 
the  flow  cell,  i.e.,  a  polarizer/analyzer  (P/A)  combination, 
2-  polarizer  only  ca .  one  cm  before  the  cell,  3-  neither 
crystal  in  the  optical  train. 

In  several  of  the  studies,  comparison  of  signal 
detector  response  was  made  with  a  commercial  UV-Vis 


absorbance  detector  for 

HPLC  (I  SCO, 

Model 

V4,  Lincoln,  NE) 

fitted  with 

a  0.50 

uL  flowcell 

(ISCO, 

Series  0080-072, 

Lincoln,  NE) 

having  a 

pathlength 

of  2 

mm.  Additional 

studies  were  made  with  a  position  sensitive  detector 
(PSD) (Hamamatsu,  S1352,  Hamamatsu  City,  Japan)  of  2.5  x  33 
mm  dimensions.  The  PSD  was  placed  5  cm  behind  the  exit 
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window  of  the  flow  cell  and  aligned  such  that  vertical 


deflections  of  the  laser  beam  would  be  detected.  A 
comparison  study  with  the  PSD  aligned  horizontally  was 
conducted,  confirming,  as  suspected,  that  the  primary  beam 
deflection  caused  by  solutes  passing  through  the  cell  occurs 
in  the  vertical  axis.  The  PSD  was  mounted  on  a  high 
precision  translational  stage  (Newport,  460-XYZ,  Fountain 
Valley,  CA)  which  not  only  allowed  for  precise  positioning 
of  the  PSD,  but  accurate  correlation  of  beam  deflection  with 
signal  response.  That  is,  the  PSD  was  translated  exactly  1 
mm  in  the  z-axis  and  the  corresponding  change  in  signal 
voltage  measured.  Then  by  simple  geometry  the  deflection 
angle  associated  with  a  given  analyte  could  be  calculated 
(37),  Prior  to  use  of  the  PSD  in  recording  analytical 
signals,  the  PSD  was  positioned  to  an  electronic  null  and 
the  ratio  signal  sent  to  the  chart  recorder.  Subsequent 
analytical  beam  deflection  signals  appeared  as  deviations 
from  this  null  baseline. 


Results  and  Discussion 


The  flowrate  studies  illustrate  that  signals  may  be 
obtained  only  in  a  specific  range  and  that  a  rate  for 
maximum  sensitivity  may  be  determined  for  a  given  solvent. 
For  example,  injection  of  a  constant  quantity  of 
polyethylene  glycol  in  water  as  the  solvent  caused  a  small 
chemical  perturbation  in  the  flow  cell.  The  volumetric 
flowrate  of  the  solvent  was  varied,  thereby  introducing 
change  in  the  fluid  motion  in  the  cell.  Measurement  of  the 
transmitted  probe  beam  I*(t)  due  to  the  small  but  constant 
chemical  perturbation  according  to  eq  9  allowed  changes  in 
the  hydrodynamic  flow  as  a  function  of  flow  rate  to  be 
monitored.  The  results  of  this  study  are  seen  in  Figure  6. 
Above  ca.  300  uL/mln,  for  this  sytem,  it  is  probable  that 
turbulence  prevails,  yielding  a  homogeneous  RI  due  to  mixing 
throughout  the  flow  cell.  Hence  no  signal  is  obtained,  for 
the  physical  condition  of  separate  regions  of  stagnant  and 
laminar  flow  as  theorized  no  longer  exist.  Between  20  to 
300  uL/min,  however,  a  detector  response  was  measured 
indicating  I-r(t)  changed  as  a  function  of  the  chemical 
perturbation  that  was  Introduced. 

This  is  strong  evidence  for  the  existence  of  "ordered" 
flow  in  the  flow  cell  such  that  the  condition  modeled  in 
Figure  2  may  be  a  reasonable  explanation  of  the  observed 
results.  Below  20  uL/min,  the  signal  also  falls  off,  and  it 
appears  that  the  volumetric  flow  rate  was  too  slow  to 
overcome  serious  diffusion  effects  in  the  flow  cell  or  a 


continual  "sweeping  out"  of  the  flow  cell  corners  occurs, 
thus  destroying  the  different  refractive  index  region 


ft 


boundaries  as  depicted  in  Figure  2.  Although  a  priori 
Reynolds  number  calculations  for  the  system  are  difficult 
due  to  the  complicated  experimental  geometry,  one  would 
expect  the  Reynolds  number  calculations  to  yield  the  low 
values  associated  with  laminar  flow  (i.e.,  less  than  2000). 
Indeed,  the  extremely  low  values  of  Hagen  -  Pouisselle  flow 
(less  than  300  units)  are  obtained  as  summarized  in  Table  1. 
The  values  of  Table  1  for  the  three  solvent  systems  studied 
were  calculated  using  the  standard  equation  for  fluid  in  a 
pipe 


(20) 


where  Re  is  the  Reynolds  number  for  the  solvent,  d  is  the 
distance  of  the  pipe  (in  this  case,  the  flow  cell  length),  p 
is  the  fluid  density,  v  is  the  linear  flow  velocity,  and  n 
is  the  fluid  viscosity. 

Precise  rotation  of  the  flow  cell,  i.e.,  adusting  0  in 
Figure  3,  with  subsequent  detection  of  Ix(t)  for  a  constant 
concentration  perturbation  was  conducted  to  examine  the 
mechanism  behind  the  detected  intensity  changes.  Although 
initial  computer  simulation  studies  based  on  planar 
reflection  losses  yielded  maxima  and  minima  with  spacing 
consistent  with  the  experimental  data,  the  magnitude  of  the 
intensity  change  observed  could  only  be  accounted  for  if  an 
interferometric  mechanism  were  operating.  First,  the 


photodiode  lateral  position,  d,  was  kept  constant,  and  the 
flow  cell  rotated  by  1.1  mrad  increments  (8),  spanning  100 
mrad,  with  the  center  of  the  range  approximately  where  the 
probe  beam  was  perpendicular  to  the  cell  windows.  At  each 
incremental  setting  the  photodiode  output  was  measured.  The 
photodiode  output  data  are  essentially  the  baseline  signals, 
B  ( 0 ) .  An  average  baseline  signal  was  calculated,  B,  and  the 
relative  difference  calculated,  B*.i  (0),  at  each 
incremental  setting 

B.  (8)  .  Si 

rei  B  (21) 

with  the  results  for  a  portion  of  the  0  range  traversed 
shown  in  Figure  7.  The  shape  of  B*.x  (0)  versus  9  increment 
in  Figure  7  is  consistent  with  an  Airy  function,  with  a 
depth  of  modulation  of  about  10%  and  a  periodicity  of  35 
mrad  (38).  By  injecting  a  suitable  model  solute  at  constant 
injected  mass,  flowrate  (107  uL/min)  and  entrance  tubing  (28 
cm  of  0.007"  i.d.  Teflon),  and  detecting  the  RIG  signal  at 
each  incremental  angle,  as  for  Figure  7,  the  relationship 
between  B*.x  (0)  and  the  RIG  signal  was  studied.  As 
previously  reported  (26,27),  the  RIG  signal,  0*  in  Figure  3, 
was  measured  as  the  peak-to-peak  response,  labeled  as  VC 
instead  of  0*  (x,t)s»-p  or  ap_p  since  a  gradient  of 
concentration  is  effectively  measured  as  the  maximum  to 
minimum  deflection  angle,  given  by  eq  16  and  19.  For  a 
binary  mixture  with  the  solute  at  low  volume  fraction  (15) 
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equation  8  may  be  used  to  calculate  dn/dC.  VC  was  measured 
at  each  incremental  angle,  8,  thus  VC(0)  is  compared  to 
B*-«i  (8).  These  results  are  presented  in  Figure  8,  where 
VC(8)  and  (B(8)-B)/10  are  both  plotted  for  approximately  one 
full  period  in  the  Airy  function  (38).  Referring  back  to  eg 
21,  the  quantity  (B(8)-1)/10  is  plotted  instead  of  B*«x  (8) 
in  order  to  simplify  the  plotting  of  Figure  8.  Note  that 
the  VC(0)  signal  ( peak-to-peak )  is  a  positive  value  if  the 
model  solute  RI  is  greater  than  solvent  RI,  as  was  the  case 
for  polystyrenes  in  CHaCla.  It  i3  clear  from  Figures  7  and 
8  that  there  is  a  direct  correlation  between  B,r.i  (0)  and 
VC ( 0 ) ,  with  the  conclusion  that  flow  cell  rotational 
position,  acting  as  an  etalon,  must  be  considered  in  the 
performance  of  the  RIG  interferometric  detector.  Clearly, 
with  the  flow  cell  at  a  fixed  position,  rotation  of  the 
detector  surface  instead  of  the  flow  cell  should  yield 
similar  maxima  and  minima  if  an  interferometric  mechanism  is 
operating,  and  such  was  Indeed  found  to  be  true.  Further 
confirmation  that  simple  planar  reflection  losses  are  not 
the  basis  of  the  observed  signal  is  the  fact  that  rotation 
of  the  detector  surface  such  that  the  incident  light  does 
not  reflect  back  to  the  flow  cell  window  results  in  total 
loss  of  signal  associated  with  the  chemical  perturbation 
while  measured  background  intensity  remained  constant.  With 
detector  geometry  at  near  normal  incidence  to  the  light 
exiting  the  flow  cell,  the  complex  interferometric  pattern 


provides  sensitive  detection  of  intensity  changes  caused  by 
chemical  perturbation  of  the  optical  conditions  in  the  flow 
cell . 


One  would  expect  then,  to  be  able  to  find  an  optimal 
position  at  which  the  detector  should  be  placed  in  order  to 
most  advantageously  use  this  effect.  The  results  of 
Incrementally  adjusting  the  detector  along  the  probe  beam 
axis  are  shown  in  Figure  9.  Steps  of  25  to  500  um  were 
taken,  with  the  baseline  signal  as  a  function  of  distance 
B(d)  measured,  analagous  to  B ( 0 )  for  flow  cell  rotation. 
Simultaneously,  vc(d)  was  measured  at  each  incremental 
distance  for  the  same  model  solute  as  in  vC(0)  measurements. 
The  results  are  shown  in  Figure  9,  where  vC(d)  is  plotted  as 
a  function  of  the  lateral  translational  distance,  d,  in  mm. 
B(d)  has  not  been  plotted  in  Figure  9  for  clarity,  although 
B(d)  was  correlated  to  VC(d)  in  the  same  way  B(0)  was 
correlated  to  VC(0)  in  Figure  8.  Clearly,  translational 
positioning  of  the  photodiode  relative  to  the  flow  cell 
(Figure  9)  produces  an  Airy  function  (38)  analogous  to 
Figures  7  and  8,  where  flow  cell  rotation  was  examined.  It 
is  interesting  to  note  in  Figure  9  that  RIG  detection 
sensitivity  is  optimized  at  3.5  mm  and  13.5  mm  where  large 
jumps  in  sensitivity  were  observed.  The  periodicity  of  the 
large  jumps  is  about  20  mm.  Underlying  these  large  jumps  in 
sensitivity  is  a  VC(d)  versus  distance  (d)  dependence  that 
is  less  pronounced.  The  periodicity  of  the  less  pronounced 


sensitivity  positions  is  about  8  mm.  One  would  desire  to 
work  at  an  optimum  in  sensitivity,  which  occurs  at  either 
3.5  or  13.5  mm  lateral  displacement  between  the  flow  cell 
exit  window  and  the  photodiode.  In  practice,  satisfactory 
RIG  detection  sensitivity  is  obtained  even  if  one  works  some 
distance  from  the  optimum,  but  prior  knowledge  of  the 
periodicity  of  a  given  RIG  interferometric  detector,  for 
both  flow  cell  rotation  and  photodiode  lateral  displacement, 
is  essential  for  rapid  day-to-day  tuning.  Each  data  point  in 
Figure  9  corresponds  to  the  same  chemical  perturbation. 
Reversal  of  the  pattern  evidently  occurs  at  ca  8.5  mm;  the 
signal  is  then  negative  with  respect  to  baseline  but  of 
similar  magnitude.  Although  we  do  not  give  a  mathematical 
description  of  the  interferometric  pattern  observed,  one  can 
appreciate  the  temporal  and  spatial  aspects  involved  with 
the  Interference  zone  by  referring  to  the  work  of  Brayton 
(39),  Slegman  (40),  and  the  discussion  in  (41). 

Nevertheless,  the  application  of  the  optical  effect  is 
straightforward,  i.e.,  adjustment  of  the  cell  rotation  angle 
and  translation  of  the  detector  to  obtain  maximum  signal 
response  for  the  same  chemical  perturbation  in  the  flow 
cell . 

In  the  effort  to  understand  the  observed  effect, 
studies  were  done  with  polarizers  in  the  optical  train  as 
previously  described.  No  significant  polarization  effects 
were  observed,  and  Indeed,  the  device  works  quite 
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satisfactorily  without  the  use  of  polarizers  or  any  other 
optical  filters.  The  fiber  optic  variant  Figure  5  performed 
satisfactorily  as  well  and  the  depicted  configuration  could 
be  used  to  observe  the  phenomenon  if  desired. 

An  additional  question  to  address  in  connection  with 
this  device  is  that  of  optical  feedback.  Dandridge  (28-30) 
successfully  employed  optical  feedback  into  a  diode  laser  to 
achieve  distance  resolutions  of  9  x  10-B  nm.  Is  the 
observed  signal  produced  or  largely  Influenced  by  an  optical 
feedback  mechanism  to  the  diode  laser  cavity  instead  of  or 
in  concert  with  the  proposed  interferometry?  Such  was  found 
not  to  be  the  case.  Deliberate  feedback  of  the  beam  into 
the  laser  cavity  using  the  described  geometry  did  not 
produce  any  measurable  intensity  changes. 

It  is  Important  to  note  that  the  characteristic 
properties  of  the  diode  laser  (1,42)  are  critical  to  the 
observance  of  this  phenomemon.  In  particular,  the  low  noise 
(standard  deviation  of  4  x  10-B  relative  to  output 
Intensity)  of  the  laser  and  the  extremely  long  coherence 
length  (at  least  10  m)  give  the  stability  required  to 
observe  the  signal  above  background,  a  signal  which  would  be 
swamped  by  the  greater  noise  and  instability  associated  with 
other  typical  laboratory  lasers  such  as  a  He-Ne  laser. 

The  deflection  of  the  laser  probe  beam  resulting  from 
the  refractive  index  gradient  as  a  solute  transits  the  flow 
cell  may  be  followed  either  by  the  intensity  changes 


associated  with  the  interferometric  mechanism  Incident  on  a 
photodiode  surface  or  by  use  of  a  position  sensitive 
detector.  Both  methods  were  studied  and  each  has  advantages 
which  may  be  exploited  as  discussed  in  turn  below. 

Although  more  complex  and  difficult  to  describe 
mathematically,  the  interferometric  method  is  extremely 
sensitive,  yielding  a  mass  limit  of  detection  (LOD)  of  540 
pg  injected  for  500,000  g/mole  polystyrene,  or 
1.1  x  10-a-®  moles  when  coupled  with  microbore  HPLC. 
Alternatively,  the  injected  concentration  for  the  500,000 
g/mole  polystyrene  at  the  LOD  was  0.9  ppm  or  2.4  nM. 
Inferred  refractive  index  changes  of  4  x  10-B  RI  can  be 
measured,  had  the  concentration  level  at  the  LOD  been 
measured  by  conventional  RI  detection  approaches  (3).  The 
linear  dynamic  range  extends  from  the  limit  of  detection 
through  two  orders  of  magnitude.  At  higher  concentrations, 
deflection  -moves  through  orders  of  fringes  in  the 
Interferometric  pattern,  making  it  difficult  to  deconvolute 
the  resultant  signal.  The  PSD  would  be  appropriate,  then, 
when  extremely  sensitive  measurement  is  not  required. 
Nevertheless,  the  interferometric  system  may  be  tuned  fairly 
rapidly  and  need  not  be  precisely  adjusted  unless  maximum 
sensitivity  is  desired. 

Use  of  the  linear  PSD  in  lieu  of  the  photodiode  is 
advantageous  in  the  sense  that  the  deflection  angle  can  be 
readily  measured  and  mathematically  ascribed.  It  is  simpler 


to  set  up  and  does  not  require  the  same  precision  of  tuning 
as  the  interferometric  method.  The  only  adjustment  required 
beyond  basic  beam  centering  is  translation  of  the  detector 
along  its  major  axis  to  find  the  signal  null  which  allows 
use  of  the  device  without  extinguishing  room  lights.  The 
signals  obtained  with  the  PSD  were  consistently  smooth 
derivative  shaped  curves  which  were  easily  treated 
mathematically  and  could  easily  be  integrated,  if  desired, 
to  obtain  a  more  conventional  shape,  and  perhaps  improve 
detectability  simultaneously  via  the  integration  (35,43). 
The  same  PSD  was  employed  by  Renn  and  Synovec  (37)  who 
obtained  ca  1  um  resolution.  Since  that  study,  an 
electronic  component  was  replaced  to  increase  the  resolution 
to  optimum,  measured  to  be  0.6  um  (3cr)  in  connection  with 
these  studies. 

A  significant  advantage  of  the  PSD  is  detection  of  the 
direction  of  the  beam  deflection,  leading  to  better 
understanding  of  the  flow  cell  deflection  mechanism.  With 
the  PSD  it  is  possible  to  clearly  compare  results  obtained 
experimentally  with  the  expected  signal  given  by  eq  19, 
which  is  the  currently  accepted  theoretical  relation.  The 
device  gives  analytical  signals  that  are  orders  of  magnitude 
larger  than  expected.  The  unique  flow  dynamics  associated 
with  this  device  are  apparently  responsible  for  this 
extraordinary  increase  in  sensitivity,  and  further  study 
should  result  in  the  mathematical  expression  that  more 


completely  describes  the  expected  signal  Instead  of  eq  19. 

It  is,  of  course,  necessary  to  position  the  PSD  3uch 
that  its  axis  is  aligned  with  the  axis  of  beam  deflection  to 
achieve  maximum  sensitivity.  Comparison  of  the  PSD  aligned 
in  the  vertical  axis  (found  to  be  the  primary  axis  of  beam 
deflection)  yielded  4  times  the  sensitivity  versus  alignment 
in  the  horizontal  axis  (probe  beam  axis  held  constant). 

Of  particular  interest  is  the  possible  use  of  this 
device  as  a  detector  for  gradient  HPLC.  Of  course,  standard 
refractive  index  detectors  cannot  be  used  in  gradient 
chromatography,  for  the  response  due  to  the  changing 
refractive  index  of  the  gradient  solvent  overwhelms  any 
slight  RI  change  due  to  an  analyte.  This  is  a  severe 
limitation  associated  with  a  standard  RI  detector. 

Measurement  of  the  refractive  index  gradient  eliminates 
this  limitation.  To  illustrate  the  viability  of  using  this 
device  for  gradient  HPLC  detection,  a  large  100  uL  injection 
loop  was  employed  such  that,  for  whatever  material  was 
injected,  the  central  portion  of  the  injected  sample  plug 
would  remain  essentially  constant  through  the  time  required 
to  flow  through  the  flow  cell.  A  120  cm  length  of  0.007” 
I.D.  Teflon  tubing  (30  uL  volume)  was  used  to  introduce 
samples  to  the  flow  cell  in  place  of  an  HPLC  column.  The 
refractive  index  gradient  detector  should  return  to  baseline 
during  the  central  position  of  the  sample  plug  since  dc/dt 
(and  of  course,  dn/dt)  is  zero.  By  injecting  samples  of 
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pure  compounds  with  widely  different  refractive  index 
values,  the  relative  shift  in  baseline  could  be  measured  and 
the  viability  of  use  of  the  device  for  gradient  KPLC 
ascertained.  As  seen  in  Figure  10  there  is  no  competition 
between  RI  response  of  the  solvent  and  the  gradient  signal 
associated  with  an  analyte.  That  is,  since  the  refractive 
index  gradient  detector  responds  only  to  acute  changes  in 
RI,  the  RIG  signal  does  not  deviate  substantially  from  the 
baseline  condition  either  when  the  effuent  RI  is  constant  or 
linearly  changing  with  time,  even  if  the  effluent  RI  is 
different  than  the  original  baseline  solvent  composition. 
Examined  mathematically,  one  starts  with  eq  9  which  predicts 
the  probe  beam  angle  0<a(x,t)  as  a  function  of  the  material 
passing  through  the  flow  cell.  A  gradient  may  be  produced 
by  changing  from  C*  to  Ca  for  solvents  A  and  B  (volume 
fractions).  If  the  solvent  gradient  linearly  changes  from 
Cx  to  Ca  with  time,  eq  9  suggests  that  the  gradient  of  C- 
(t)  produces  a  baseline  signal  that  is  finite,  yet  constant, 
with  time. 

VCo(t)  =  Ca  -  Cx  (22) 

That  one  may  assume  the  RI  change  as  a  function  of  eluent 
composition  is  nearly  linear  was  exemplified  by  Woodruff  and 
Yeung  using  a  volume  delay  between  sample  and  reference 
cells  to  produce  a  workable  RIG  (25).  As  seen  in  Figure  10, 
the  baseline  deviation  shifts  only  ca  10  mV  for  1  full  unit 
change  in  refractive  index.  This  corresponds  to  ca  6  x  10~a 
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nV  when  operating  near  the  limit  of  detection  where  the 
noise  (5a)  is  typically  on  the  order  of  10nV  (using  the 
interferometric  method).  Clearly,  then,  the  gradual  RI 
change  of  the  solvent  gradient  is  negligible  in  regard  to 
the  refractive  gradient  signal  that  is  measured  by  the 
device . 

Injection  of  a  polystyrene  standard  with  the  same  flow 
unit  and  large  injection  loop  just  described,  followed  by 
UV-Vis  detection  at  260  nm  produced  the  signal  shown  in 
Figure  11.  Note  that  a  plateau  region  is  present  for  an 
extended  period  of  time,  in  which  the  solute  concentration 
is  finite,  yet  constant,  with  time.  Analogously,  in  this 
plateau  region  the  mixture  RI  is  constant,  yet  different, 
from  the  baseline  RI  (solvent  only).  If  the  RI  gradient 
detector  is  indeed  also  measuring  the  solute  concentration 
gradient,  then  numerical  differentiation  of  Figure  11  should 
produce  the  solute  concentration  gradient  profile  to  be 
measured  with  the  new  RI  gradient  detector.  The  finite 
differential  of  the  UV-Vis  solute  profile  of  Figure  11  is 
shown  in  Figure  12.  In  comparison,  the  RI  gradient  sensor 
produced,  for  three  consecutive  injections,  the  signals 
shown  in  Figure  13.  Note  the  marked  similarity  between  the 
differential  of  the  UV-Vis  absorbance  detector  data.  Figure 
12,  and  the  RI  gradient  detector  data.  Figure  13.  The 
comparison  between  Figures  12  and  13  strongly  supports  the 
interpretation  of  the  response  obtained  with  the  novel  RI 


gradient  detector.  Clearly,  when  properly  aligned,  the  new 
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detector  provides  a  signal  that  is  identical  to  a 
concentration  gradient,  consistent  with  the  explained 
mechanism  leading  from  eq  9. 


Figure  7.  Relative  baseline  signal  vs.  flow  cell  rotation: 

calculated  as  (BCG)  -  ED/10  as  a  function  of  angle 
increment,  0,  for  flow  cell  rotation  with  the 
interferometric  RIG  detector. 


Figure  S.  RIG  signal  7C(d):  p  ,  as  a  function  of 
lateral  displacement  from  the  flow  ce 
with  the  interferometric  RIG  detector 


Figure  13.  Three  successive  injections  (noted  by  arrows)  of  the 
same  sample  and  system  as  per  Figure  11  followed  by 
detection  with  the  RIG  detector.  Note  comparison  to 
Figure  12. 


Conclusion 


The  refractive  index  gradient  detector,  with  further 
improvements,  may  well  be  the  universal  detector  of  choice 
for  HPLC,  with  a  present  demonstrated  detection  limit  of 
4  x  10-a  RI  units  (rms).  This  detection  limit  was 
calculated  for  a  known  Injected  volume  fraction  of  500,000 
g/mole  polystyrene  in  CH2CI2.  However,  as  inferred  by  eq 
19,  any  improvement  in  the  separation  efficiency,  reducing 
ad,  will  result  in  an  improved  detection  limit.  This  will 
require  a  concurrent  decrease  in  the  flow  cell  volume  to 
limit  band  broadening  at  detection.  The  flow  cell  volume 
was  just  small  enough  to  limit  broadening  in  the  microbore 
HPLC  of  polymers  (36)  since  the  flow  cell  volume  was  about  a 
factor  of  10  less  than  detected  solute  peak  volumes. 

Since  the  RI  gradient  signal  is  quite  sensitive  to  the 
eluting  solute  peak  width,  according  to  eq  19,  it  should  be 
possible  to  exploit  this  dependence  to  more  sensitively 
probe  changes  in  polymer  samples,  as  may  occur  in  processing 
conditions.  In  particular,  the  flow  unit  could  be  used  to 
rapidly  assess  the  polydlspers i ty  of  a  polymer  sample  or  to 
characterize  linear  and  branched  polymers.  Polymer 

molecular  weight  and  polydispersity  generally  require 
continuous  monitoring  to  achieve  consistent  products,  and  it 
would  be  extremely  useful  to  measure  the  polymer  molecular 
weight  and  polydispersity  directly.  Since  the  RIG  detector 
sensitivity  is  highly  dependent  upon  the  variance  of  the 
solute  elution  profile  (26,27),  one  could  use  the  flow 


method  to  take  advantage  of  the  hydrodynamic  properties  of 
dilute  polymer  solutions  to  sensitively  distinguish  polymers 
based  upon  translational  diffusion  differences,  which 
influence  the  solute  elution  profile  variance.  To 
accomplish  such  a  task,  one  would  need  to  consider  all 
contributions  to  solute  broadening,  or  dispersion,  since 
both  flow  and  spontaneous  translational  diffusion  are 
coupled  (44-48).  However,  if  one  operated  under 
experimental  conditions  such  that  the  spontaneous  broadening 
of  the  solute  profile  as  it  enters  the  flow  cell  (which  is 
governed  by  hydrodynamic  behavior)  dominated  over  all  other 
broadening  mechanisms,  then  this  broadening  effect  would  be 
dependent  upon  the  translational  diffusion  properties  of  the 
solute  in  the  solvent.  The  net  result  would  be  to  encode 
solute  size  properties  into  the  detected  solute 
concentration  profile,  which  would  be  sensitively  monitored 
by  the  RIG  detector. 

The  ability  to  obtain  molecular  size  information 
without  chromatography  or  elaborate  studies  would  indeed  be 
extremely  useful.  Calibration  curves  could  be  established 
rapidly,  with  the  flow  method  well  suited  to  process  control 
applications.  As  a  tool  for  theoretical  studies,  the  flow 
method  should  offer  a  viable  alternative  to  either  light 
scattering  or  ultracentrifugation  for  providing  molecular 
size  information,  as  correlated  to  translational  diffusion 
properties  of  macromolecules.  The  capability  of  the  device 


for  the  study  of  very  dilute  solutions,  5  x  10-4  to  about 
1  x  10_c  g/ml,  would  allow  one  to  assume  "infinite"  dilution 
conditions  for  many  applications.  In  some  cases,  it  may 
prove  important  to  put  another  detector  in  series  and  down¬ 
line  from  the  RIG  detector  to  provide  necessary 
normalization  to  constant  injected  solute  mass,  in  order  to 
construct  the  calibration  of  RIG  data  to  molecular  size 
properties.  The  RIG  detector  may  also  prove  useful  if 
interfaced  with  field  flow  fractionation  (49-51). 

As  currently  developed,  the  refractive  index  gradient 
detector  has  many  useful  characteristics  which  make  it 
extremely  attractive  as  the  detector  of  choice  in  a  variety 
of  applications.  It  yields  universal  detection.  Since  a 
non-absorbing  wavelength  (780  nm)  is  used,  there  is  no 
requirement  to  search  for  a  transparent  solvent  as  is  the 
case  with  absorbance  detectors.  Also,  since  detection  is 
not  based  on  absorption,  no  der ivatization  is  required  to 
enhance  detector  sensitivity  and  no  wavelength  selection 
element  (e.g.,  monochromator)  is  required.  For  that  matter, 
wavelength  interference,  often  a  problem  with  absorbance 
based  detectors,  would  be  rare  since  few  chemical  species 
absorb  at  this  wavelength.  Comparison  studies  with  a  UV-Vis 
detector  have  shown  that  the  RIG  detector  exceeds  the  UV-Vis 
LOD  even  at  excellent  absorbing  wavelengths  and,  of  course, 
is  far  superior  in  the  many  analytical  cases  when  a  good 
absorbing  wavelength  is  unavailable.  The  system  Is  very 
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characterization  and  process  monitoring  are  especially 
promising.  And  unlike  conventional  RI  detectors,  the  RIG 
detector  may  be  used  with  gradients,  as  previously 
discussed . 

The  detector  should  be  very  amenable  to  incorporation 
into  a  small  portable  device.  The  integral  components  of 
the  diode  laser  head,  associated  power  supply,  objective 
lens,  flow  cell,  and  photodiode  could  easily  be  built  into  a 
compact  unit,  with  a  chamber  built-in  for  rapid  interchange 
of  various  types  of  flow  cells.  Optimal  positioning  of  the 
device  could  easily  be  accomplished  with  a  rotational 
micrometer  positioning  thumbwheel  for  the  angular 
orientation  of  the  flow  cell,  and  a  similar  translational 
micrometer  for  positioning  the  photodiode  surface.  For 
extremely  sensitive  detection  in  the  interferometric  mode, 
plezoeletric  final  positioning  could  be  done,  and  a  feedback 
circuit  built-in  to  maintain  fine  positioning  for  optimal 
performance.  Electrical  connections  to  facilitate  data 
acquisition  would  complete  the  unit. 
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